According to the Lewis model, valence electrons in closed-shell atoms and molecules can be arranged into pairs of electrons shared between bonded atoms and lone pairs that belong to a single atom. Within this scheme, ionic bonding arises from the transfer of electrons between atoms, while covalent bonding is related to the sharing of electrons between atoms. Over the years, this simple model has proven to be extremely useful for the description of the bonding patterns in many molecules, and to describe the electronic rearrangements taking place during chemical reactions. However, a physically accurate description of the electron pairing in atoms and molecules has to be based on the electron-pair density. Within the theory of atoms in molecules, one can define atomic localization and delocalization indices which describe the intraand interatomic distribution of the electron pairs in a molecule. Therefore, these indices can be considered as a physically sound and numerically accurate extension of the Lewis model. In this paper, we use localization and delocalization indices to study the electron-pair reorganization taking place in five different reactions: two intramolecular rearrangements, a nucleophilic substitution, an electrophilic addition, and a Diels-Alder cycloaddition. For each reaction, we perform a comparative analysis of the electron-pairing patterns in reactants, transition states, and products. The evolution of electron-pairing along the reaction path is also studied. In all cases, the use of localization and delocalization indices provides useful insights on the electronic rearrangements taking place during the reactions.
Introduction
The basic assumption of the Lewis model is to consider that valence electrons in atoms and molecules are arranged in pairs of electrons of different spin, which can be classified as shared or lone pairs. 1 Accordingly, covalent bonds are formed by sharing electron pairs between atoms, while ionic bonds are associated with the transfer of electrons from electropositive to electronegative elements. Between the two extremes of covalent and ionic bonding, one can have different degrees of polar bonding. The Lewis model has become de facto the basis for the chemical language, and reasonings based on this simple model are still widely used for understanding the electron reorganization processes taking place in chemical reactions.
To study the patterns of electron pairing in atoms or molecules from a physical point of view, one has to resort to the electronpair density. 2 The formation of (R, ) pairs of electrons is due to the antisymmetry of the electronic wave function with respect to the interchange of the space-spin coordinates of any pair of electrons. This is a consequence of the Pauli exclusion principle, which states that two same-spin electrons cannot be at the same time at the same position of space. In practice, this creates a Fermi or exchange hole density function around each electron; that is, there is a region surrounding each electron where the probability of having a second electron with the same spin is very low. The Fermi hole around each electron, which integrates to -1 throughout all the space, accounts for the pairing of electrons of different spin. 3, 4 Fermi correlation between same-spin electrons is often sufficient to get a reasonable description of the electronic structure of atoms and molecules: this is the case of the Hartree-Fock (HF) approximation. However, post-HF methods, such as Møller-Plesset (MP) or configuration interaction (CI), consider also Coulomb correlation between electrons of different spin. In this case, one can refer to the corresponding hole density function as the exchange-correlation hole.
At any level of theory, by means of the one and two-electron density functions, F σ (r) and Γ σσ′ (r 1 ,r 2 ), respectively, one can define a function, f σσ′ (r 1 ,r 2 ), as 2, 5 where σ and σ′ are the spin coordinates (R or ) of the electrons and f σσ (r 1 ,r 2 ) is the Fermi or exchange density, while f σσ′ (r 1 ,r 2 ), with σ * σ′, is the Coulomb density. At the HF level of theory, f R (r 1 ,r 2 ) ) 0. The total exchange-correlation density is defined by with The f σσ′ (r 1 ,r 2 ) function can be used to define the Fermi (σ ) σ′) or Coulomb (σ * σ′) hole density functions as where r 1 ∫ h σσ (r 1 ,r 2 ) dr 2 ) -1; h σσ (r 1 ,r 2 ) dr 2 ) 0 (4) corresponding to the reference electron, whereas coordinate r 2 shows in which regions of real space takes place the exclusion of electrons with spin σ′. Pictures of hole density functions have been used to illustrate how electrons are more or less localized in different regions of real space. 3, 4 For instance, Fermi hole functions, h σσ (r 1 ,r 2 ), show that core electrons are usually highly localized around atomic nuclei and are not correlated with valence electrons. On the contrary, when one considers a reference electron at a point between two atoms forming a covalent bond, one finds that the corresponding hole density is spread along a large region. Furthermore, the atoms in molecules theory (AIM) 6 allows to define weighted atomic holes which do not depend on the position of a reference electron, but rather on the electron density associated to an atom. 7 Moreover, plots of the Laplacian of the electron density, ∇ 2 F(r), 6 or the electron localization function (ELF) 8 also reveal regions of maximal electron pairing, which can be usually associated to core, valence lone pair, and valence shared electrons.
Pictures of the h σσ′ (r 1 ,r 2 ), ∇ 2 F(r), or ELF functions provide a convenient way to obtain visual information on the electron localization patterns at different points of real space. However, they do not yield quantitative information on the actual degree of electron pairing or correlation within atoms or between atoms. An alternative quantitative approach is the definition of atomic localization and delocalization indices, 9 using the atoms defined in the AIM theory. 6 According to this theory, atomic basins are regions in real space bounded by zero-flux surfaces in the one-electron density. Thus, one can obtain an atomic localization index, λ(A), by integrating the Fermi or exchange-correlation density within the atomic basin of atom A while an atomic delocalization index between a pair of atoms, δ(A,B), can be obtained by integrating the two electron coordinates in f(r 1 ,r 2 ) over the atomic basins of A and B, respectively λ(A) gives the number of electrons that are localized in A. In the limit of an atom with totally closed-shell interactions with its neighbors, λ(A) should approach the atomic electron population, N(A). This ideal case corresponds to a situation where there is no exchange or correlation between electrons in A and electrons in other atoms. In real systems, there is always some degree of electron delocalization between pairs of neighboring atoms. Maximal electron delocalization takes place for openshell (covalent) homonuclear interactions. Thus, for a pair of electrons shared between two identical atoms, the maximal possible delocalization corresponds to δ(A,A′) ) 1, with λ(A) ) λ(A′) ) 0.5, and the number of electron pairs shared between the atoms is equivalent to the delocalization index. This is the case of the H 2 molecule at the HF level of theory. However, for electrons shared between different atoms, or beyond the HF approximation, one can no longer consider that δ(A,B) yields the number of electron pairs involved in the bond. For instance, each of the electron pairs participating in the π x and π y bonds in CO is shared in the following way (at the HF level of theory): λ(C) ) 0.04, λ(O) ) 1.50, δ(C,O) ) 0.46, revealing that these electron pairs are localized mainly on the O atom, with some part of the electron pair shared between both atoms and virtually no π electron density localized in C. Even though only approximately 0.5 π x (or π y ) electrons are delocalized between C and O, there are indeed one π x and one π y electron pairs involved in the C-O bonding in this molecule. A similar reasoning applies to the σ density in this molecule.
Recently, localization and delocalization indices were calculated for a number of diatomic and polyatomic molecules, at the HF and CISD levels of theory. 9 It was found that the patterns of electron pairing predicted by means of the Lewis model were generally in good agreement with results obtained at the HF level of theory, especially for diatomic molecules. Indeed, the fact that the HF approximation does not consider Coulomb correlation overestimates the pairing of electrons of different spin. Taking into account Coulomb correlation at the CISD level yields results that are less in agreeement with the simple Lewis model, especially for covalent interactions, where interatomic delocalization decreases strongly, with respect to HF. Recently, Bader and Bayles 10 have used these indices to investigate the transferability of electron delocalization in methylene and silylene groups in hydrocarbons and oligosylanes, respectively, using the HF approximation. It is worth mentioning that at the SCF level, the delocalization indices in eq 6 reduce to Wiberg indices 11 if the exact integration over the atomic basins is replaced by the Mulliken-like approximation of the corresponding integrals. Using this approximation, Ponec and co-workers 12 have reported calculations of localization and delocalization indices at the semiempirical and HF levels of theory.
Furthermore, several authors have used the HF definitions of λ and δ (see below) with Kohn-Sham wave functions obtained with the B3LYP functional. 13,14 However, the HF-like pair density obtained from the Kohn-Sham determinant can be considered only as a first approximation to the real electronpair density. 15 Therefore, one can expect DFT λ and δ values obtained in this way to be artificially close to the HF values.
In addition, several authors have proposed definitions closely related to the indices used in the present paper. For instance, A Ä ngyán et al. 16 have defined valence and bond-order indices, and Fulton 17 has defined a sharing index. Both definitions are equivalent to the λ and δ indices used in this paper only at the HF level of theory. Cioslowski and Mixon 18 use an alternative expression to define a bond-order index which depends on a particular orbital localization procedure and is not invariant with respect to unitary transformations of the orbitals. Yamasaki and co-workers 19 have used the bond-order index definition in ref 16 to study bond orders in the transition states of some reactions and have performed a statistical analysis to determine the degree of correlation between bonds in a molecule. Finally, it has also been recently shown that electron populations obtained from integration of the one-electron density over bonding domains defined according to the ELF can be correlated to the delocalization indices used in the present paper, especially for nonpolar bonds. 14 λ and δ calculations in ref 9 always refer to molecules at the energetic minimum of the potential energy hypersurface. However, one could also use localization and delocalization indices to study the electron pair reorganization taking place along a given reaction path. On one hand, bond breaking and formation processes have important consequences for the pairing of the electrons in the atoms involved in the reaction. On the other hand, electron pairing can be expected to remain nearly constant for the rest of atoms, unless long distance effects are important.
The aim of this paper is to investigate the electron pair changes taking place in five well-known reactions in the gas
phase. The idea of monitoring the course of the reaction by the value of bond orders or some other related bond indices has been applied in the past by several authors. 20, 21 Our work differs from these earlier studies in that it replaces the previously used Wiberg indices or effective pair populations by the delocalization indices calculated within Bader's AIM theory. In particular, two intramolecular rearrangements involving H-transfer, a S N 2 nucleophilic substitution, an electrophilic addition, and a DielsAlder cycloaddition have been studied. For all these reactions, atomic populations and localization indices were calculated for each atom, and delocalization indices for each pair of atoms, at several points along the reaction coordinate, paying special attention to the stationary points corresponding to reactants, products, and transition states.
Computational Methods
The electron-pair analysis was carried out for five different reactions: the CNH to HCN [21] [22] [23] [24] [25] and H 2 SO to HSOH [24] [25] [26] intramolecular rearrangements, the S N 2 substitution of Cl by F in CH 3 Cl, 27 the addition of hydrogen fluoride to ethene, 28 and the Diels-Alder cycloaddition of ethene to butadiene. 29, 30 For all these reactions, HF wave functions and localization and delocalization indices were calculated for the optimized geometries corresponding to reactant, transition state (TS), and product, and for a number of points along the intrinsic reaction path (IRP) obtained using mass-weighted coordinates. 31 Meanwhile CISD calculations of localization and delocalization indices were carried out for the CISD-optimized geometries corresponding to reactant, transition state, and product of the two intramolecular rearrangement reactions and the electrophilic addition. Note that, for the Diels-Alder cycloaddition, the reactants do not correspond to a stable molecular complex; instead, they consist of two separate molecules. In this case, localization and delocalization indices were calculated separately for each of the reactant molecules, assuming that delocalization indices between atoms in the two molecules are exactly zero at long distance.
At the HF level, localization and delocalization indices can be calculated according to the following expressions where S ij (A) corresponds to the overlap integral of the molecular orbitals i and j within the atomic basin of A. These values can be obtained by means of the Proaim program in the AIMPAC package. 32 At the CISD level, one must consider explicitly the matrix elements of the second-order density, D µνλσ , and the following expressions are obtained
The D µνλσ matrix elements can be obtained from the GAMESS program, 33 after some minor modifications, while the atomic overlaps between basis functions, S µν (A), can be calculated from the S ij (A) overlaps.
The accuracy of the atomic integrations for a given molecule can be assessed by checking that both the summation of the atomic populations and the summation of all the λ and δ indices produce the number of electrons in the molecule. For most of the calculations reported in this paper, both summations yield the number of electrons with errors of less than 0.01 electrons.
However, for some of the calculations, especially at the CISD level, the summation of the localization and delocalization indices produces errrors of ca. 0.05 electrons.
At the HF level, in some cases, one can split the λ and δ indices into contributions from molecular orbitals belonging to different symmetry species. For this partition to be possible, one needs all the overlaps over atomic basins between orbitals of different symmetry to be zero. This can be done easily for partitioning the indices into σ and π contributions for linear or planar molecules, 9 but may be not feasible or less accurate for molecules with more complex symmetries. When necessary, the separate contributions of different symmetry species to atomic populations, localization, and delocalization indices are specified.
The 6-31G* basis set 34 was used throughout, except for the S N 2 reaction, where diffuse s and sp functions were added to the hydrogen and heavy atoms, respectively (6-31++G* basis set). The programs Gaussian 98 35 and GAMESS 33 were used for the HF and CISD calculations, respectively. Location of critical points on the one-electron density and integrations of atomic properties were performed by means of the AIMPAC collection of programs. 32
Results and Discussion
HF values of localization and delocalization indices for reactants, transition states, and products are presented for all the reactions, in Tables 1-5 . Moreover, CISD values are also reported in Tables 1, 2 , and 4. Scheme 1 depicts the HF geometries of the reactants, transition states, and products for all the reactions (when possible, CISD values have also been included). In all cases, reactants and products are defined as to make the reaction exothermic. The evolution of selected localization and delocalization indices along the IRP at the HF level is presented in Figures 1-5 . The discussion of the results will be carried out separately for each reaction.
A. CNH f HCN Intramolecular Rearrangement. This is the simplest of the reactions studied, in terms of number of atoms, and will be used to illustrate in detail the methodological analysis performed. Table 1 gathers atomic populations and localization and delocalization indices for the reactant, TS, and product for this reaction, while Scheme 1 depicts the geometry of these structures, and Figure 1 shows the evolution of the three delocalization indices along the IRP. First of all, we will discuss the electronic differences between the CNH and HCN molecules at the HF level (see Table 1a ). Second, the TS and the evolution of delocalization indices along the reaction path will be studied. Finally, we will use the CISD results (see Table  1b ) to discuss the effect of Coulomb correlation on the electron pairing.
Atomic populations in CNH show a charge transfer from C and H toward N; i.e., the atomic populations for C, N, and H are 4.78, 8.80, and 0.42, which correspond to atomic charges of +1.22, -1.80, and +0.58, respectively. For HCN, the atomic charge in C is nearly the same as in CNH (+1.24) while the charges in N and H decrease in magnitude (-1.48 and +0.24, respectively), reflecting a higher polarity of the N-H bond in front of the C-H bond. An analysis of the σ and π contributions (π x and π y contributions are equivalent for linear molecules) to the atomic populations shows more differences between the CNH and HCN molecules. Thus, the CNH f HCN rearrangement leads to a decrease of the σ density in C (-0.53 e) and an increase in N (+0.20 e) and H (+0.33 e), while, at the same time, for each of the π x and π y electron pairs, there is a redistribution of 0.52 e from N to C. The π density within the
H basin is very low (0.01 and 0.02 e for reactant and product, respectively).
According to the Lewis model, both CNH and HCN can be considered formally to have three pairs of electrons shared between the C and N atoms, and another electron pair shared between the H atom and one of the heavy atoms. However, the λ and δ indices exhibit significant differences in electron pairing between the two molecules. For instance, δ(C,H) in HCN (0.90) is larger than δ(N,H) in CNH (0.66), in agreement with the higher electronegativity of N in front of C. Accordingly, λ(H) is also much larger (0.27) for HCN than for CNH (0.08). On the contrary, CNH presents larger λ(N) and λ(C) values (7.63 and 3.93, respectively) than HCN (7.32 and 3.19, respectively). Finally, δ(N,C) is clearly smaller for CNH (1.68) than for HCN (2.24) . Thus, it is clear that the C-N bond is more polar in CNH than in HCN.
It is also interesting to compare the values of the atomic localization indices to the associated atomic populations. For instance, the λ(H) values in the two molecules are quite small, and the ratio λ(H)/N(H) is of 20% and 36% in CNH and HCN, respectively, while the corresponding value for N is ca. 86% in the two molecules, and for C, 82% in CNH and 67% in HCN. Thus, not only do electronegative atoms have more electrons in their basins, but also such electrons are more localized. Altogether, results in Table 1 point out that, compared to CNH, HCN presents less electron transfer between atoms, and a higher degree of electron sharing between bonded atoms. Further insight on the electronic differences between reactants and products can be gained by analyzing the σ and π contributions to the atomic populations and indices. First of all, the σ density includes the contribution of the core electrons in C and N. Although the contributions of core and valence electrons cannot be separated strictly, one can assume that there is always one pair of core electrons on C and another on N, which are nearly uncorrelated to the rest of electrons in the molecule and do not play any role in the rearrangement reaction. 36 This leaves a total of six σ valence electrons, corresponding formally to two bonding pairs and one lone pair. Thus, the σ electronic rearrangement taking part in the reaction can be depicted schematically as According to this scheme, and assuming that the lone-pair electrons contribute mainly to λ σ (C) in CNH, and to λ σ (N) in HCN, one can predict that the rearrangement will involve an increase in λ σ (N) and a decrease in λ σ (C). This is actually confirmed by the numerical calculations, which reveal an increase of +0.50 in λ σ (N) and a decrease of -0.97 in λ σ (C) between reactant and product. However, λ σ (N) is always larger than λ σ (C), even for CNH, because the two bonded electron pairs are differently shared between C, N, and H, and because the lone pair is more localized in HCN than in CNH. Indeed, only the contribution of the σ density is relevant for λ and δ indices involving the H atom. Therefore, the changes in λ σ (H), δ σ (N,H) and δ σ (C,H) are exactly those discussed above for the indices corresponding to the total density; i.e., the C-H electron pair in HCN is shared more evenly than the N-H pair in CNH. Interestingly, the value of δ σ (N,C) remains almost constant (0.60 and 0.61, for CNH and HCN, respectively), revealing that the C-N σ electron pair is shared in the same way in the two molecules. This finding is in agreement with the results obtained by Rao using bond-order indices. 21 The analysis of the π density is easier, because there is only one electron pair for each of the π x and π y symmetries, which are equivalent. Moreover, each of these electron pairs is shared only between C and N. For CNH, most of the π x (or π y ) density is localized mainly within the N atom (1.40), whereas 0.54 π x electrons are delocalized between C an N, and very little π x density is localized on C (0.05). In contrast, for the HCN molecule, the π x contributions to λ π (N), λ π (C), and δ π (N,C) are 0.99, 0.17, and 0.82, respectively, showing that the π x (and the π y ) electron pair is shared more evenly between C and N in the HCN molecule, compared to CNH. Thus, the separate analysis of the σ and π densities reveals that the differences in the covalent character of the C-N bond in the reactant and product molecules are due to changes in the localization of the π density.
Within the molecular orbital (MO) approximation used throughout this paper, the different polarities of the C-N bond in HCN and CNH can be rationalized by considering the effect of adding a proton to a CN -molecule on the π MO's of this molecule. First of all, an analysis of the MO coefficients of the π x orbital in CN -shows that the contribution of the p x atomic orbital (AO) of the N atom is larger than that of the p x AO of the C atom. This is the result of the different energies of the p x AO in C and N, the latter being significantly more stable. Adding a proton to the C atom to form the HCN molecule changes this situation, leading to a larger stabilization of the p x AO of the C atom that is closer to the proton, and therefore, to a more even participation of the p x AO of C and N to the π x MO. In contrast, when the proton is added to the N atom to form the CNH molecule, it is the p x AO of the N atom that is more stabilized, and the difference in the contributions of the two atoms to the π x MO is increased with respect to CN -. The same reasoning can be used for the π y MO. Thus, the different contributions of N and C to the π orbitals in HCN and CNH account for the differences in the δ π (N,C) values for these two molecules: for HCN, the π bond is formed by mixing AO of similar energy, leading to an even sharing of the π electron pairs between the two atoms. In contrast, for CNH, the contribution of the AO's in N is more important and, therefore, the π electron pair is more localized in the N atom.
Once the electronic structure of reactant and product has been analyzed, we will discuss the electronic features of the TS. In this structure, the three atoms are organized in a triangular shape, with H-C and H-N distances and HCN angle of 1.16 Å, 1.45 Å, and 77.5°, respectively (see Scheme 1). The delocalization index of H with each one of the heavy atoms is ca. 0.47. Although the values for λ(C) (3.79), λ(H) (0.21), and δ(N,C) (1.86) are intermediate between those of CNH and HCN, λ(N) is minimal at the TS (7.18). Since the TS has C s symmetry, while the reactant and product molecules are linear, a comparison of different symmetry contributions to the localization and delocalization indices in the three structures can be performed by considering only the C s symmetry elements, which are common to the three structures. Thus, Table 1 reports also the contributions of the 12 electrons belonging to the A′ symmetry species and the 2 electrons belonging to the A′′ symmetry. Note that, for the linear molecules, the A′′ symmetry species is equivalent to the π x one, while the A′ symmetry collects the contributions from σ and π y electrons, assuming that the molecule lies on the yz plane. In general, the comparison of the A′ and A′′ contributions to the λ and δ indices of the three structures shows that, in both cases, the arrangement of the electrons in the TS is intermediate between the reactant and product. The only exception is for the A′ contribution to λ(N), which is minimal at the TS (5.92) with respect to the reactant (6.24) and product (6.33) . This is the same trend found for the total λ(N) index above.
The evolution of δ(N,C), δ(N,H), and δ(C,H) along the IRP is depicted in Figure 1 . Mixing of the σ and π densities leads initially to a slight decrease in δ (N,C) , at the same time that δ (N,H) and δ(C,H) increase. This trend changes approximately 
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evolve from the |CtN-H to the H-CtN| structure take place in a relatively small region of the IRP centered around the TS. In fact, the position of the TS in the IRP coincides with the crossing of the δ(N,H) and δ(C,H) curves. However, the catastrophe point which, according to the AIM theory, indicates the change in molecular connectivity from C-N-H to H-C-N, is located clearly before the TS. 6 Actually, such a catastrophe point corresponds to a structure with an HNC angle between 66°and 62°, at about R x ) -0.75, a point in the IRP where the electron-pair reorganization is still relatively small with respect to CNH. Remarkably, the system does not have a ring critical point in any point of the IRP.
Another point of interest is the comparison of λ and δ indices in the reactant, TS, and product, in order to determine if the reaction follows the Hammond postulate, from the point of view of the electron-pair distribution. Indeed, most of the λ and δ values in Table 1 reveal that the TS is closer to CNH than to HCN. The same result was reported by Rao from the value of the C-N bond order. 21 A recent study found that, from a structural point of view, this reaction also presents Hammond behavior, with the TS being closer to CNH than to the more stable HCN. 24 Finally B. H 2 SO f HSOH Intramolecular Rearrangement. This reaction consists of the transfer of a H from S to O through a TS state in which the H being transferred (H 2 ) forms a ring with the S and O atoms (see Scheme 1). Thus, in many aspects, this reaction is similar to the CNH to HCN rearrangement discussed above. For instance, the different energy levels of the AO's in the S and O atoms and their effects on the polarities of the SH and OH bonds account for most of the electronic differences between reactant and product for this reaction. Note also that, while the H 2 SO molecule has C 2V symmetry, no symmetry elements are found for the HSOH system, the TS, and the rest of structures along the IRP. Thus, no analysis in terms of symmetry contributions is performed in this case.
According to the Lewis model, two different structures can be drawn for H 2 SO, one predicting a single S-O bond and formal charges of +1 and -1 for S and O, respectively, and a second one with a double S-O bond, and 10 valence electrons on the hypervalent S atom. In contrast, for HSOH, the Lewis model predicts a single S-O bond and no formal charges for the S and O atoms. The HF results (Table 2a) reveal that, for these two molecules, some of the predictions obtained by means of the Lewis model are confirmed within the AIM theory, at least in a qualitative sense. First of all, H 2 SO presents charges of +0.98 and -1.21 for the S and O atoms, respectively, which are qualitatively in agreement with the formal charges in the first of the two Lewis structures possible for this molecule. Moreover, S and O present λ values of 13.41 and 8.43, respectively, which reveal that the electron population is sligthly more localized in O (91.6%) than in S (89.3%). Moreover, the value of 1.38 for δ(O,S) reveals some double bond character for the S-O bond, which can be related to the contribution of the second Lewis structure. In fact, the δ(O,S) value is far from 2 because of the different electronegativities of the atoms involved. For the HSOH molecule, the Lewis model predicts no formal charges; however, the AIM charges for S and O are -1.23 and +0.63, respectively. This is just a consequence of the fact that the Lewis model does not consider the different electronegativities of the S and O atoms. With respect to the reactant molecule, λ(O) decreases (8.36), in spite of the O atom having the same population in both molecules, while λ(S) increases (14.31). Thus, in this case, the electron population of S is more localized (93.1%) than that of O (90.5%). The δ(O,S) value of 1.06 is consistent with a covalent single bond between S and O; however, the fact that δ(O,S) is slightly larger than 1, in spite of the different electronegativities of these atoms, might be indicative of some double-bonding character between S and O.
The H atoms also change significantly between reactants and products. First of all, in H 2 SO, both H atoms are equivalent. H 2 ) , respectively, which show that, at the TS, the charge density associated to H 2 is delocalized between the three atoms directly involved in the reaction. Note that the values of δ(S,H 2 ) and δ(O,H 2 ) in the TS are closer to the values in the reactant than in the product (see Table 2 ). The same trend is found also for δ(O,S) which is 1.38, 1.37, and 1.06 for the reactant, TS, and product, respectively. The λ(H 1 ), λ(H 2 ), and λ(S) at the TS are also intermediate between those in H 2 SO and HSOH. However, in these cases, the values at the TS are closer to the product than to the reactant. Finally, λ(O) is minimal at the TS. Interestingly, N(O) is also minimal at the TS, while N(S) is maximal. Thus, at the TS, the charge transfer from S to O is minimal.
The λ and δ values discussed above, especially δ(S,H 2 ), δ(O,H 2 ), and δ(O,S), seem to indicate that the TS is closer to H 2 SO than to HSOH, from the point of view of the electronpair distribution. At this point, it is interesting to recall that previous studies, 23,24 using a measure of structural proximity based on similarities between one-electron densities, found an anti-Hammond behavior for this reaction, with the TS being structurally closer to the more stable HSOH. Moreover, the geometrical parameters of the three structures discussed confirm that, from a geometrical point of view, the TS is also more similar to HSOH than to H 2 SO (see Scheme 1). For instance, the S-O distance, the S-H 2 distance, and the HSOH dihedral angle in the TS and in HSOH are very similar. Thus, according to these results, the evolution from H 2 SO to the TS implies a significant geometrical rearrangement, including an increase of 0.16 Å in the S-O distance and ca. 90°in the dihedral angle, while the geometrical reorganization needed to go from the TS to HSOH is much smaller. In contrast, the changes in electron pairing are more important when going from TS to product than from reactant to TS.
More insight on the electron-pair processes taking place along the reaction can be obtained by following the evolution of the delocalization indices along the reaction path (Figure 2) . Three different topological structures are found along the IRP. First, for all structures between the reactant and TS, analysis of the electron density yields three bond critical points, associated to two H-S and one S-O bonds. In contrast, the first point after the TS (R x ) 0.20) shows a ring structure between S, O, and H 2 , with H 1 attached to S. Finally, from the next point (R x ) 0.40) to the end of the IRP, the molecular graph corresponds to H-S-O-H. Figure 2 shows that both the changes in the topology of the electron density and in the electron pairing patterns are restricted to a small region of the IRP around the TS (between R x ) -1 and R x ) +1). Within this region, there is a sudden decrease of δ(S,H 2 ) at the same time that δ(O,H 2 ) increases, corresponding to the transfer of H 2 from S to O. This transfer has also a small effect on the delocalization between S and H 1 . Thus, δ(S,H 1 ) increases slightly when going from reactants to products. Finally, there are also significant changes in δ(O,S) during the rearrangement process. First of all, δ(O,S) increases slightly when going from the reactant to the TS, where it reaches a maximum value. Then, δ(O,S) decreases again to reach a value of 1.06 at the product molecule.
Finally, comparison of HF and CISD results (see Table 2b ) shows that, in general, Coulomb correlation reduces the charge transfer between atoms, increases the atomic localization, decreases the delocalization between bonded atoms, and increases slightly the delocalization between nonbonded atoms. Moreover, CISD also increases slightly the interatomic distances (see Scheme 1) . In general, the HF-CISD differences on λ and δ indices are not larger than 0.1 electrons, except for δ(O,S), where the differences are ca. 0.15, 0.25, and 0.10 electrons for the reactant, TS, and product, respectively. Thus, at the CISD level, regarding the δ(O,S) value, the differences between H 2 -SO and the TS become larger, while the differences between the TS and HSOH become smaller, compared to the HF results. In summary, from an electron-pairing perspective, CISD moves the structure of the TS toward the reactant. However, the main conclusions of the analysis of the reaction at the HF level are also valid at the CISD level of theory.
C. CH 3 Cl + F -f Cl -+ CH 3 F Nucleophilic Substitution. This reaction consists of the S N 2 nucleophilic substitution of the Cl atom in CH 3 Cl by a F atom. Reactant and product molecules correspond to the [ClCH 3 ‚‚‚F -] and [Cl -‚‚‚CH 3 F] complexes, respectively, while the TS corresponds to a [Cl‚‚‚CH 3 ‚‚‚F] -structure (see Scheme 1). The reaction proceeds through a progressive lengthening of the C-Cl distance, at the same time that the C-F distance decreases and there is an inversion of the umbrella in the CH 3 group. The [Cl‚‚‚CH 3 ‚‚‚F] -TS structure corresponds to a point where the Cl-C and C-F distances are very similar (2.13 and 2.12 Å, respectively) and the CH 3 group is slightly bend in the direction of the smaller F atom (the H-C-Cl angle is ca. 97°). In the reactant complex (RC), the distance between C and F is 2.6 Å, while the C-Cl distance in the product complex (PC) is 3.4 Å. Finally, even though the C 3V symmetry is preserved along all the reaction paths, the contributions of electrons belonging to different symmetry species cannot be separated in this case.
According to the HF results ( and λ(Cl) indices reveal that more than 99% of the electronic population in each of the anions is localized in its own atomic basin. Delocalization indices between the anion and the C atom are small in both the RC (0.08) and the PC (0.04).
According to the λ and δ indices for the CH 3 Cl and CH 3 F moieties within the RC and PC, both molecules present three covalent C-H bonds, plus a polar C-Cl or C-F bond. λ and δ indices confirm that the C-Cl bond in CH 3 Cl is less polar than the C-F bond in CH 3 F. Thus, for the RC, atomic charges are +0.20 and -0.49 on C and Cl, respectively, while δ(C,Cl) is 0.91. Furthermore, the PC shows a larger degree of charge transfer between C (+0.63) and F (-0.76), and a smaller electron delocalization between these atoms (δ(Cl,C) ) 0.71). In contrast, the H atoms are found to be very similar in the reactant and product complexes. For instance, in both cases, the H atoms present small positive charges (less than +0.1), λ(H) values of ca. 0.4 and δ(C,H) values of 0.93. Finally, it is worth pointing out that, in both complexes, there is some degree of electron delocalization between the H atoms themselves and between each of the H atoms and the F and Cl atoms. Even though the δ values corresponding to these kind of interactions are quite small (between 0.02 and 0.06), there is a total of ca. 0.35 electrons delocalized between nonbonded atoms in both complexes.
Once the electronic structure of the RC and PC has been discussed, we proceed to analyze the [Cl‚‚‚CH 3 ‚‚‚F] -complex corresponding to the TS. First of all, δ(C,H) has approximately the same value (0.93) as in the RC and PC, revealing that the sharing of the electron pairs between C and each of the H atoms is preserved along the reaction. However, both N(H) (0.88) and λ(H) (0.35) are minimal at the TS with respect to the RC and PC. As for the C atom, even though N(C) at the TS (5.75) is intermediate between the N(C) values at the reactant and product complexes, λ(C) is maximal at the TS (3.93); thus, the percentage of electron localization at the C atom is maximal at the TS, which can be attributed to the fact that both C-F and C-Cl interactions are weak at the TS. N and λ values for the rest of atoms are always intermediate between the values at the RC and PC. In particular, δ(Cl,C) and δ(C,F) are 0.63 and 0.23 at the TS, respectively, revealing that the TS is electronically closer to the RC. Interestingly, despite the similarity between the C-Cl and C-F distances at the TS, δ(Cl,C) is larger than δ(C,F), which can be attributted to the diffuse nature of the valence orbitals in Cl. Moreover, the H-C-Cl angle (97°) denotes that, at the TS, the CH 3 umbrella is still pointing toward the F atom. All in all, these data reveal that, in terms of both geometry and electron-pair structure, the TS is closer to the RC than to the PC. Figure 3 shows the evolution of selected delocalization indices along the reaction path, confirming that δ(Cl,C) and δ(C,F) account for most part of the electron-pair reorganization taking place during the reaction. Moreover, it is also made evident that the TS occurs early in the reaction path and close to the RC. Indeed, the point in the IRP where the values of δ(Cl,C) and δ(C,F) are approximately the average of the corresponding values at the RC and PC is found after the TS (R x ca. +0.40), while the crossing between δ(Cl,C) and δ(C,F) takes place later (R x ca. +1.00). Furthermore, this graph shows also that, in contrast to the rearrangement reactions discussed above, the electron-pair reorganization in this S N 2 reaction takes place gradually along the reaction path; that is, there is a large region in the IRP where there is significant Cl-C and F-C delocalization at the same time. Moreover, the molecular connectivity is preserved along the reaction, and no catastrophe points are found.
D. HF + C 2 H 4 f C 2 H 5 F Electrophilic Addition. For this reaction, the RC consists of a HF molecule with the H atom pointing toward the double bond in C 2 H 4 , with the H atom in HF (H 5 ) located at approximately 2.5 Å from the two C atoms in C 2 H 4 . The HF molecule is located in the symmetry plane bisecting the C 2 H 4 molecule, with the F atom deviating slightly from the perpendicular to the C-C bond. The reaction proceeds through a TS state with the two C atoms, F, and H 5 forming a ring. The product corresponds to the C 2 H 5 F molecule in a staggered conformation (see Scheme 1) . At the Hartree-Fock level of theory, atomic populations, and localization and delocalization indices for the HF molecule in the RC show that the electron pair shared between H 5 and F is heavily polarized toward F. Thus, there is a transfer of ca. 0.7 electrons from H 5 to F, and λ(H 5 ) is very small (0.03). However, there is a still nearly half an electron (0.44) delocalized between F and H 5 (see Table 4a ). As for the C 2 H 4 molecule, there is significant electron delocalization between each C atom and its neighbor H's (0.97), as well as between the two C atoms (1.89). Moreover, all the atomic charges are very small, and the localization indices are ca. 4.05 and 0.43 for the C and H atoms, respectively. Altogether, these data reveal that each C atom is sharing an electron pair with each of its bonded H's, and the two C atoms are sharing two pairs of electrons. In all these cases, the electrons are shared equally between each pair of bonded atoms. Finally, delocalization indices between atoms in the C 2 H 4 and HF molecules are very small, revealing that the interaction between the two molecules in the complex is weak. Table 4a also gathers the results for the CH 3 CH 2 F molecule resulting from the addition reaction. The N and λ values for the C atoms reflect that, compared to C 2 H 4 , the C atoms in CH 3 -CH 2 F have lower atomic populations and localization indices, especially the C atom bonded to F. In contrast, with respect to the HF molecule, the F atom has nearly the same atomic population (ca. 9.7), but has a lower localization index (9.26 in front of 9.51). Accordingly, δ(C 2 ,F 6 ) in CH 3 In general, the electron-pairing pattern in the TS structure is intermediate between the RC and the product. This is especially true for most of delocalization indices undergoing major changes during the reaction, that is, δ(C 1 ,C 2 ), δ(C 1 ,H 5 ), δ(C 2 ,F 6 ), and δ(H 5 ,F 6 ). The δ(C 1 ,C 2 ) value in the TS (1.34) is closer to that in the product than in the reactant; however, this trend is not shared by the rest of δ indices mentioned above. Therefore, according to these indices, one cannot decide clearly whether the TS is closer to the RC or the product, from an electronic point of view. Furthermore, some of the N and λ values in the TS are not intermediate between those in the RC and the product. N(C 1 ), N(F 6 ), and λ(C 1 ) are maximal at the TS, while λ(H 3 ) and λ(H 7 ) are minimal. Interestingly, δ(C 2 ,H 5 ) is also maximal at the TS (0.09). Figure 4 shows the evolution of some significant delocalization indices along the IRP. For a large region of the IRP (R x < -1), which corresponds to HF approaching C 2 H 4 , the δ indices change slowly. Then, in a small region around the TS (-1 < R x < +1), the δ(C 1 ,C 2 ), δ(C 1 ,H 5 ), δ(C 2 ,F 6 ), and δ(H 5 ,F 6 ) indices suffer a rapid evolution. Furthermore, δ(C 2 ,H 5 ), which has negligible values all along the IRP, increases slightly in this region. This corresponds to the process of maximal electronpair reorganization, where H 5 is transferred from F to C 1 , through a TS in which H 5 is located relatively near to C 2 . Finally, the last part of the IRP basically corresponds to the geometrical reorganization needed for the C 2 H 5 F molecule to reach the final staggered conformation. The topology of the electron density is not constant throughout the reaction. For the RC, the interaction between the two molecules takes place through a C 2-H 5 bond, while in the TS the two C atoms and the HF molecule form a ring, while there are no rings in the product molecule. Other topologies are found between the RC and the TS; indeed, there are five catastrophe points during the reaction. Table 4b gathers the CISD results for this reaction, which are qualitatively equivalent to the Hartree-Fock ones. The main effects of including Coulomb correlation, with respect to the HF reference, are those already found in other cases; in general, CISD yields larger interatomic distances, reduces the charge transfer between atoms, increases the atomic localization, and reduces the electronic delocalization between pairs of bonded atoms. Moreover, at the CISD level, the HF molecule in the RC is exactly perpendicular to the C-C bond. E. C 2 H 4 + C 4 H 6 f C 6 H 10 Diels-Alder Cycloaddition. The Diels-Alder reaction between butadiene and ethylene to yield hexadiene is often taken as the prototype of a pericyclic concerted reaction (see Scheme 1 for a description of the RC, TS, and product involved in this reaction). Table 5 gathers atomic populations and localization indices for all nonequivalent atoms of the reactants, TS, and product for the concerted Diels-Alder reaction, calculated at the HF level of theory. Delocalization indices are reported only for relevant nonequivalent pairs of atoms. First of all, the atomic populations reveal that the charge transfer between atoms is virtually inexistent in the three structures. Thus, populations for all the C and H atoms are always ca. 6.0 and 1.0, respectively. Moreover, λ indices range between 0.4 and 0.5 for the H atoms, and between 3.8 and 4.0 for the C atoms. Indeed, the major changes along the reaction involve a slight decrease of ca. 0.2 e in λ(C 5 ) and λ(C 6 ), which correspond to the C atoms involved in the formation of new bonds, and an increase of 0.07 e in λ(C 1 ). Interestingly, slightly different λ(C) and λ(H) values are obtained for aliphatic and olefinic atoms. For instance, in the hexadiene molecule, λ(C) is 3.85 for the aliphatic C 5 and C 6 atoms, and 4.00 for the olefinic C 1 atom. The reverse trend is found for the hydrogen atoms: λ(H) takes values of 0.48 for the H 12 and H 13 atoms, respectively, and 0.47 for the H 9 and H 14 atoms, respectively, while it is 0.45 for the olefinic H 15 atom. The δ (C,H) indices have values between 0.9 and 1.0, corresponding to a rather apolar sharing of the electrons between the C and H atoms, and also remain nearly constant throughout the reaction. Indeed, the most significant changes during the Diels-Alder reaction are found in the δ(C,C) indices. For the three structures, pairs of C atoms that are formally single-bonded present values of δ(C,C) between 1.0 and 1.1, while formally double-bonded C atoms correspond to δ(C,C) values between 1.8 and 1.9. For the reactants, it is interesting to remark that δ(C,C) values between double-bonded atoms are lower for butadiene (1.83) than for ethene (1.92), while δ(C,C) values between single-bonded atoms in butadiene are slightly larger than 1 (1.07), revealing, as expected, that the C-C bonds in butadiene have intermediate character between a single and a double typical bond. Moreover, delocalization indices between nonbonded C's in butadiene reveal that 1,4 delocalization (δ(C 3 ,C 6 ) ) 0.072) is slightly more important than 1,3 delocalization (δ(C 3 ,C 6 ) ) 0.067). δ(C,C) values for reactants and products are consistent with the formation of a new bond between the C 5 and C 6 atoms (and the equivalent C 4 and C 3 atoms). At the same time, the C 1-C 2 single bond of the butadiene molecule evolves to a double bond in the hexadiene molecule, while the C 4-C 5 double bond in ethene and the C 1-C 6 and C 2-C 3 double bonds in butadiene are transformed to formal single bonds in hexadiene.
The TS in this reaction corresponds to a nonplanar structure with the six carbon atoms forming a ring. This structure is usually considered to be aromatic, and theoretical calculations of magnetic susceptibilities and 1 H chemical shifts support this point of view. 30 Indeed, according to the localization and delocalization indices reported in Table 5 , the TS is clearly aromatic. First of all, one must take into account that there are three nonequivalent C atoms (e.g., C 1 , C 5 , and C 6 ). Therefore, there exist the following pairs of nonequivalent C pairs: four ortho pairs, three meta pairs, and two para pairs (see Scheme 1) . For the ortho pairs, the associated δ(C,C) indices are ca. 1.4, except for δ(C 5 ,C 6 ), and the equivalent δ(C 3 ,C 4 ), which are ca. 0.40. Therefore, from an electronic point of view, this structure is nearly equivalent to that of the benzene molecule, with the difference that there is no σ bonding associated to the C 3-C 4 and C 5-C 6 pairs. Moreover, values for δ(C,C) indices associated to pairs of C atoms in meta are rather small (ranging from 0.04 to 0.07), while pairs of atoms in para present slightly larger δ(C,C) values (0.09 and 0.10). The fact that there is more delocalization between atoms in para than between atoms in meta, in spite of the larger interatomic distance between atoms in para, is characteristic of aromatic systems. 37 Thus, according to the δ(C,C) values discussed above, one can consider that the TS presents a set of six π electrons delocalized between the six C atoms, although the nonplanar character of this structure prevents from separating strictly the electrons into σ and π sets. Furthermore, the fact that different C-C distances exist (ca. 1.4 Å for the σ bonded atom pairs, and ca. 2.2 Å for the C 3-C 4 and C 5-C 6 pairs) leads to slightly different delocalizations for the different ortho, meta, and ortho pairs; however, it is remarkable that the main electron delocalization patterns associated to aromaticity take place in spite of the large C 3-C 4 and C 5-C 6 distances. A comparison of the different ortho δ(C,C) values reveals that the electron delocalization is slightly larger between the C 1-C 6 , C 4-C 5 , and C 2-C 3 pairs. Hence, from an electronic point of view, the TS is closer to the reactant than to the product. Moreover, an analysis of the C-C distances in the reactants, TS, and product reveals that this reaction does also follow the Hammond principle from a structural point of view. Finally, the evolution of the C 1-C 2 , C 1-C 6 , C 4-C 5 , and C 5-C 6 delocalization indices along the IRP is depicted in Figure 5 . This graph reflects clearly the evolution of the electron-pair patterns associated to this cycloaddition reaction. Although all the electron delocalization indices vary gradually along the IRP, the main changes in electron-pair reorganization take place mainly in a small region around the TS.
Conclusions
Electronic localization and delocalization indices, calculated according to the AIM theory, have been used to study the electron-pair reorganization taking place in five different chemical reactions. For most of the molecular structures described, the electron-pair picture provided by λ and δ indices is qualitatively in good agreement with the predictions made by means of the Lewis model, especially at the HF level of theory. λ and δ indices describe accurately subtle electronic differences between molecular structures that are electronically equivalent in the simple Lewis model, and reflect the gradual electronic changes taking place along a reaction path. In this respect, it is remarkable that, for some reactions studied, the main changes in charge density topology and in electron pairing take place at different points of the IRP. Thus, λ and δ indices provide useful information that cannot be obtained from a simple charge density analysis. Finally, delocalization indices in the TS state of the concerted Diels-Alder reaction are able to detect the aromaticity of this structure and reveal that there is not a simple correlation between interatomic distance and electron delocalization.
An important feature of the analysis proposed in this paper is that it is model independent, λ and δ indices being obtained only from first-and second-order densities, which are physical observables. In principle, there is no need to resort to any particular model, such as MO theory for these calculations. Therefore, provided that F σ (r) and Γ σσ′ (r 1 ,r 2 ) are available, this analysis could be performed at any level of theory. At present, practice provides second-order densities only for the HF and CISD approximations.
The comparison of the results obtained at the two levels of theory confirm that, for reactions correctly described at the HF level, both methods yield qualitatively similar results. However, the neglect of Coulomb correlation within the HF approximation leads to interatomic delocalization values that are generally too large.
In summary, λ and δ indices, together with AIM atomic populations, have been found very useful for describing accurately the changes in electron pairing that takes place along the reaction path for a number of reactions in the gas phase. 
